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FIELD OF THE INVENTION 

This invention relates generally to optical wireless communications, 
and more speciflcally. to providing embedded control information within the 

optical wireless link. 



BACKGROUND OF THE INVENTION 

Modem data communications technologies have greatly expanded 
,he ability to communicate large amounts o. data over many ^pes o 
communications facilities. This explosion in communicaUons capab,l,^ no 
only permits the communica«ons of large databases, but has a.o enab ed 
the dUl communlcauons of audio and video content. This high ban »d* 
communication is now carried ou, over a vadety o, faal,.,es ,ndu ■ 

telephone lines (flber optic as well as twisted-pair), coax., cable s 

^ ^^^j/^^fori np.twork cabling 

supported by cable television service prov,d»,», u=...-~- 

Within an office or home loca«on. satellite linKs, and wireless telephony. 

Each of these conventional communications facilities involves certain 
lim«a«ons In their deployment. In «te case of communications over the 
telephone networK, high-speed data transmission, such as that provded b 
aiglL subscriber line (DSL, services, must be carried out at a specie 
0 Zuency range to no. interfere with voice traffic, and Is currently l,m ed , 
the disJnce that such high-frequency communicaUons can travel. Of 
Irse. communications over "wired- networKs, Including the telep on 
r,etworK cable networK, or dedicated networK, requires the runn.ng . the 
pCsica wires among the locations to be served. This physical installation 
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• .n.tiv as well as limiting to the user of the 
and maintenance is costly, as wen 

communications network. 

W.e,ess 00— on fac«es o, oourse ove,con,e .He „.lta.lon 
0. PMC. ana oa*. ^ ^^^^^^^ 

CO— -^2^::"::z:::z.. - .e^ueocs . 

For example. ,n the ase o ^^^^^^ 

— ^^^^^^^ 
r:.oi::^;o::o.^^^^^^^^ 

.e„ea.va.a..aa,o.e.enev-.^^^^^^^ 

other transmissions. Sateime . .evond the passive 

parucularly for bWire*nal communications (i.e., beyond 
reception of television programming). 

A reiasvely nev, technology «.a. has bean proposed for daU 
.J„i:lsi:fheoptical.re,essne.or.^^^^^^^^^^^ 
.3t,is.rans.t.e..w..— ^^^^^^^ . 
manner as in the case demodulates the signal to 

photorecelver receives the o^rsed optical communications, 

.etHeva the data. As °PP°-- ^ ^^^ ..nsmission of .he 

.„„ever, '^^^ ^^J^^ZZZZl —ions, a line-of-sigh. 
light Signal. In the case ^ modulated 

,3 relationship between the — ^^^^^^^^ J ,3,, ,,,out the 

light beam, such as that produced by a laser, 
waveguide of the fiber optic. 
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« . co„.en,p,a.ea .at .he op«ca, wireless ne.wo^ — « '"^ 
approach «i„ provide numerous important advantages. F,rst, hgh 
:Zenty light can provide high handwidth, tor example ranging from on . 
frequency ly y ^, rhn<; usinq conventional technology. This 

«f innMbDS to several Gbps, usmy i^unw 

interterenoe from omer users a n .e ^s ^ 

Modulation can also be ''"^ J7„,,,,,„, multiple 

communications that require time or code ^ .^^ 

of extra-premises networks. 

..„e a— s of optical wireless networks make this technology 
"'T m ior local networks within a building, and also for externa, 

:r: - — ted tha. 0.10. ^^^^z 

useful in data communication with.n a room, such as 
:::nicZaeosignals,romacomputertoadispiavdevice,suchasa 

20 video projector. 

n „ni be apparent to those skilled in the art having reference to mis 

•-^"rr.rr,.*:=:r»= 
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optimum point at the receiver. Especially considering that many 
contemplated applications of this technology are in connection with 
equipment that will not be precisely located, or that may move over time, the 
need exists to precisely aim and controllably adjust the aim of the light 
5 beam. 

Co-pending application S.N. 09/310,284, filed May 12, 1999, entitled 
"Optical Switching Apparatus", commonly assigned herewith and 
incorporated herein by this reference, discloses a micro-mirror assembly for 
directing a light beam in an optical switching apparatus. The micro-mirror 

10 reflects the light beam in a manner that may be precisely controlled by 
electrical signals. The micro-mirror assembly includes a silicon mirror 
capable of rotating in two axes. One or more small magnets are attached to 
the micro-mirror itself; a set of four coil drivers are arranged in quadrants, 
and are current-controlled to attract or repel the micro-mirror magnets as 

15 desired, to tilt the micro-mirror in the desired direction. 

Because the directed light beam, or laser beam, has an extremely 
small spot size, precise positioning of the mirror to aim the beam at the 
desired receiver is essential in establishing communication. This precision 
positioning is contemplated to be accomplished by way of calibration and 
20 feedback, so that the mirror is able to sense its position and make 
corrections. 

Co-pending patent application 09/620,943 entitled "Optical Wireless 
Link," commonly assigned herewith and incorporated herein by reference, 
discloses one approach to providing a feedback signal from the receiver to 
25 the transmitter over a secondary link. As disclosed in the application, the 
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feedback and control signals are transmitted over a low bandwidth link, such 
as a radio frequency (RF) link or a twisted pair or similar physical link. 

Another approach to providing a light beam alignment feedback 
signal to the transmitter is disclosed in co-pending patent application 
5 60/234,081 entitled "Optical Wireless Networking with Direct Beam 
Pointing," commonly assigned herewith and incorporated herein by 
reference. In that application, alignment feedback is provided passively by 
a receiver lens surrounded by a reflective annulus. 

10 SUMMARY OF THE INVENTION 



In one aspect, the present i nvention provides a P"Q^ ^Bg — 

The preferred embodiments of the present invention provide the 
advantage of a low latency and potentially high data rate alignment 
15 feedback system. 

Another advantage is that alignment control can be accomplished 
without the need for a secondary physical or RF channel for alignment 
feedback, and the concomitant cost and complexity of the secondary 
channel and in the case of RF, licensing issues. 




20 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The above features of the present invention will be more clearly 
understood from consideration of the following descriptions in connection 
with accompanying drawings in which: 

Figure 1 illustrates a preferred embodiment wireless optical communication 
system; 

Figure 2 is block diagram of a referred embodiment optical wireless link; 
Figure 3 is a block diagram of a preferred embodiment control logic for an 
optical wireless link; 

Figures 4a and 4b illustrate the insertion of control packets into a data 
stream; 

Figure 5 illustrates a preferred embodiment control packet; 

Figures 6a and 6b illustrate further details of the preferred embodiment 

control packet; 

Figures 7a and 7b schematically illustrate preferred embodiment 
photodetectors; 

Figure 8 illustrates an optical transmitter and receiver embodiment wherein 
control signals are transmitted via low frequency modulation of the light 
beam; 

Figure 9 illustrates combining data packets and control packets into a non- 
standard packet protocol; 

Figure 10 illustrates a system wherein control signals are transmitted as 
voice over packet packets; and 

Figure 1 1 schematically illustrates a preferred embodiment optical module 
having beam steering capability. 
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

The making and use of the various embodiments are discussed below 
in detail. However, it should be appreciated that the present invention 
provides many applicable inventive concepts, which can be embodied in a 
5 wide variety of specific contexts. The specific embodiments discussed are 
merely illustrative of specific ways to make and use the invention, and do not 
limit the scope of the invention. 

Figure 1 illustrates a preferred embodiment optical wireless system 10, 
including a first data source/ sink 2 connected to a first Optical Wireless Link 
("OWL") 4. The OWL 4 can both transmit to and receive data from a second 
OWL 6 over a wireless optical path. OWL 6 is in turn connected to a second 
data sink / source 8. Preferably each OWL device is an optical path-to-sight 
modem. As used herein, the term path-to-sight is intended to mean an 
unobstructed optical path generally through the ether, as contrasted with 
through an optic fiber, which path can include reflection. An advantageous 
feature of the OWL device is that the optical beam is a narrow, collimated 
light beam, such as provided, by a laser or collimated laser diode. The narrow 
beam allows for a lower power laser source to be used, because the optical 
power is concentrated in a small area. While this provides an advantage in 
terms such as eye safety and lower power consumption, it provides a 
commensurate disadvantage that it is difficult to align the collimated light 
beam to the receiving photodetector (because of the relatively small beam 
size). 

Data sink / sources 2, 8 could be any type of data device, such as a 
25 computer, a LAN network, an Ethernet device, a telephony device or switch, 
and the like. Data sink / sources 2, 8 communicate with OWLs 4, 6, 
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respectively over a data connections 12, 14, respectively. These data 
connections (e.g., twisted pair, cable, fiber optic) are typically physical 
connections operating under a standard protocol, such as Ethernet, TCP/IP, 
ATM, and the like. Data connections 12, 14 could also be RF based wireless 
5 connections in some applications. 



^Q'r OWL 4 communicates with OWL 6 over a collimated light beam W. 
OWL 4 has a field of view 18 and the receiver of OWL 6 must be positk^ed 
within the field of view 18 for effective communication. Likewise, OWL 6 has 
a field of view 22 in which it can transmit a collimated light beapn 20 to the 
10 receiver of OWL 4. As described in greater detail in co-pending patent 
applications |TI30714], signal to noise ration (SNR) is maj^mnized when the 
light beams 16, 20 are centered on the photo-receivers/<^ the receiving units 
6, 4, respectively. The alignment of the light bean/ can be detected as a 
function of received optical power, signal interjMy, and the like and this 
15 detected alignment Information can then be fadoack to the transmitter. Also 
described in greater detail in co-pending pfatent application [TI-30714] is a 
preferred embodiment mechanism for cpntrollably steering the light beam. In 
addition to or from data from data sp^jrce / sink 8, OWL 6 transmits the light 
beam alignment feedback signals^o OWL 4 over light beam 20. Likewise, 
20 OWL 4 transmits beam alignment feedback signals to OWL 6 over its light 
beam 16, in addition to dat^to or from data source / sink 2. Because light 
beams 16, 20 are high -bandwidth, low latency paths, the transmission of 
feedback signals over the beams allows for rapid alignment of the beams (low 
latency) without degrading the data handling capabilities of the system (high 
25 bandwidth). In/ the preferred embodiments, OWL devices 4 and 6 
communicate With each other using standard 100 Mb/s Ethernet protocol. 
The inveritlve concepts described herein apply equally to other 
communication protocols, including ATM, TCP/IP, SONET, IEEE 1394, IRDA, 
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10 Mb/s Ethemetj_GigabiL£tbeme^^^ 
^^^jhe4>ttrview of one skilled in the art. 

^^h)^ Figure 2 provides further details for OWL 4. The following discussior 

applies equally to OWL 6. Data originating from data source / sink 
5 coming in over data connection 12 is received by PHY 24 where the^ata is 
converted from a serial format to a four bit parallel (MM) fonna^s is well 
known in the art. PHY 24 is a physical format converter that twelves data in 
the fonnat particular to the physical data connection to wKich it is attached 
and converts it into a media independent interface (Mil) format that is not 

10 specific to a physical connection. From PHY 24, the^ata is passed to control 
logic 26 where the data may be encoded or decoded, supplemented with 
Operation / Administration / Maintenance J(3AM) data, formatted for further 
transmission, enclosed within an appropriate network packet, or other data 
handling as is well known in the art. Iri addition, control logic 26 will read from 

15 the data stream certain control p^kets for light beam alignment, as will be 
discussed in greater detail beloW. A second PHY device 28 receives the data 
from control logic 26 and cdnverts is from the parallel Mil format into a serial 
format specific to optical data transmission. In the preferred embodiments, 
PHY 28 converts the^ata to a standard physical layer protocol for fiber optic 

20 transmissions (e^ 100Base-FX or SX). Other physical layer protocols, or a 
specialized optical wireless protocol could also be used. The data is then 
passed to optics module 30, where it is converted from an electrical format to 
an optical format and transmitted over light beam 16 to OWL 6, from where it 
will be4ransmitted to the appropriate destination such as data sink / source 8 

25 by way of data connection 14. 



OWL 4 operates as a receiver as well Jn^whtch case the data path is 
the opposite of that just described. ^Ctetafrom data sink / source 8 is 
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processed by OWL 6 in the manner described above and transmitted^ptrgaily' 
to OWL 4 via modulated light beam 20. Optical modyJe-^O detects the 
modulated light beam, converts it to an electripaf^nal, and passes the 
electrical signal to control logic 26. Cpntfoilogic 6 inspects the Incoming 
signal and reads from it any^ntrol packets relating to beam alignment 
feedback, as discussed'^fTgreater detail below. The data stream is passed 
from controM^ic 26 to PHY 24 where it is converted to the appropriate 
physica^format for transmission to data sink / source 2 over data connection 

Further details of control logic 26, including the details of insertion and 
extraction of alignment feedback control signals will now be provided with 
reference to Figure 3. In the prefen-ed embodiment, control logic 26 
comprises a TMS320VC5472 IP processor, available from Texas 
Instruments, Dallas, Texas, although the following described features could 
be embodied in discrete devices, other integrated components, specialized 
hardware, or general purpose hardware running under appropriate software 
control. Control logic 26 includes media access controller (MAC) 32, which is 
connected to PHY 24 (Figure 2) and a second MAC 34 connected to PHY 28. 
As is well known in the art, the MACs have individual Ethernet addresses and 
are hence network addressable at the Ethernet protocol level. Connected 
between the MACs is an Ethernet switch 35 comprising direct memory access 
(DMA) 36 and Ethernet interface module (EIM) 38. The Ethernet switch 35 is 
responsible for detecting and extracting feedback control packets from the data 
stream as well as for inserting feedback control packets into the data stream. 
Feedback control packets are detected by Ethemet switch 35 on the basis of 
the Ethernet destination address contained within the packet, as will be 
discussed in greater detail below. Control packets are inserted into the data 
stream by storing incoming packets or frames of data in a buffer, and inserting 
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a control packet between the data packets or frames, under the control of 
advanced RISC processor (ARM) core 40. 

The operation of the control logic 26 is as follows. The optical module 
30 of the receiving OWL detects the alignment of the incoming light beam and 
5 passes the detected alignment parameters (based upon optical power, 
intensity, or the like) to the digital signal processor (DSP) core 42 of the 
control logic 26 of the receiver OWL, preferably via Application Programming 
Interface (API) 44. DSP core 42 generates control signals from the detected 
alignment parameters to be fed back to the transmitting OWL. Further details 

10 regarding the control signals are provided below. Preferably, the DSP passes 
the control signals to the ARM core 40 for insertion into the data stream to be 
transmitted back to the transmitting OWL. As described in further detail 
below, ARM core 40 packages the control signals into a control packet 44 and 
provides the control packet 44 to Ethernet switch 35. Figure 3 schematically 

15 illustrates an exemplary control packet 45 being passed to Ethernet switch 35 
under the control of ARM 40, to be inserted into the data stream passing 
between MAC 32 and MAC 34. Ethernet switch 35 is responsible for inserting 
the control packet 44 into the data stream that has been received by way of 
MAC 32. The appropriate location is typically between packets or frames of 

20 the data being transmitted between data source / sink 2 and data source / 
sink 8. 

The data stream consisting of the data packets and the interspersed 
control packets is then passed from Ethernet switch 35 to MAC 34 and thence 
to PHY 28 (Figure 2), where the data stream will be converted to a serial 
25 optical fonnat before being optically processed and transmitted by optical 
module 30. 
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Figures 4a and 4b illustrate schematically, the insertion of control 
packets 45 into a data stream 46. As shown in Figure 4a, the stream of 
information passing between the two data source / sinks is organized as a 
series of data packets 48. These data packets 48 are defined by the protocol 
5 being used for communication between the data source / sinks. For instance, 
the data packets 48 may be based upon a standard Ethernet frame protocol, 
or based upon TCP/IP frames, ATM frames, FTP frames, SONET protocol 
frames, and the like, as will be apparent to one skilled in the art. Each frame 
may contain digital video, audio or graphics information, digital data, digitized 

10 analog information such as a voice signal, or any other type of data to be 
conveyed. In Figure 4b, control packets 45 have been inserted by Ethernet 
switch 35 between two successive data packets 48. Because the control 
packets are inserted into the data stream to be transmitted over the optical 
wireless link, some bandwidth is consumed by this method. As will be 

15 discussed below, however, the bandwidth overhead is minimized by selecting 
a compact packet format for the control packets and by transmitting a 
minimum number of control packets. 

In the preferred embodiments, a control packet 45 is inserted into the 
data stream 46 at a 4 kHz rate, i.e. once every 250 ps. The 4 kHz feedback 

20 rate is a matter of design choice and can be influenced by several factors. 
One factor is the rate at which the beam alignment can be detected by the 
receiving OWL. Another factor is the operating conditions in which the 
devices are operating (i.e. high traffic, high vibrations areas, or relatively 
stable areas). At 4 kHz, the devices can detect and respond to most 

25 mechanical vibrations, including someone bumping into the OWL or the 
fixture to which the OWL is mounted (which incident would result in some 
mechanical vibration with its primary frequencies at or below 4 kHz). Yet 
another factor is the acceptable level of bandwidth that can be consumed by 
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transmitting the feedback control packets over the optical link. As described 
in greater detail below, each control packet 45 is preferably 64 bytes in length, 
resulting in an "overhead" load of approximately 2 Mb/s. For the preferred 
embodiment 100 Mb/s Ethernet embodiment, this is an approximately 2% 
overhead penalty arising from feeding back alignment over the optical link, 
rather than over a secondary channel. It is contemplated within the scope of 
the invention that the overhead load could be further reduced by adaptively 
varying the alignment packet rate. For instance, the receiving unit could be 
configured to detect periods when the beam alignment remains relatively 
stable and to reduce the frequency of control packet insertions accordingly. 
Alternatively, the OWL units could detect periods of peak data transmission 
and reduce the control packet rate during those peak periods. In still other 
embodiments, the control packets might be inserted only when an OWL 
detects that the beam alignment has begun to stray. Other approaches can 
be employed as well, and stay within the scope of the inventive concept 
described herein. 

On the receiving end, the incoming optically transmitted data stream 
will be received by optical module 30 (referring once again to figures 2 and 3, 
but bearing in mind that the following description relates to an OWL that is 
receiving the data stream transmitted by the above described OWL). Optical 
module 30 converts the incoming optical data stream into an electrical signal, 
which signal is received by PHY 28 and converted to the parallel Mil format 
before being passed to MAC 34. The data stream passes through Ethernet 
switch 35, where each packet is examined. Ethemet switch 35 identifies 
control packets 45 and sends a copy of the control packet information to DSP 
42 via ARM 40 for further processing. The data stream also passes through 
Ethernet switch 35 to MAC 32, where the data stream is processed for 
forwarding to PHY 24 and thence to data connection 12. 
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Figure 5 provides furtlier detail regarding a preferred embodiment 
control packet 45. The packet, defined in link level protocol, is preferably 64 
bytes in length. Preferably the control packet is compliant with the IEEE 
802.2 SubNetwork Access Protocol (SNAP). As shown, the SNAP packet 
contains a six byte destination address field 52 and a six byte source address 
field 54. These addresses are the 48-bit Ethernet hardware addresses of the 
receiving and sending unit, respectively. The two byte length / Ethertype field 
56 designates the frame type. The protocol being used is defined by the 
single byte destination service access point (DSAP) and source service 
access point (SSAP) fields 58 and 60 , respectively. These fields define the 
protocol for controlling the routing of packets at the physical layer. Likewise, 
the control field 62 provides additional link layer control information. The 
three byte organizational code 64 is used to define proprietary packets. This 
three byte code is assigned to individual organizations by the IEEE to allow 
the organization to uniquely identify their SNAP packets. Data field 68 is 
variable in length from 38 to 1492 bytes. In the preferred embodiments, data 
field 68 is set as small as possible, to 38 bytes, in order to minimize 
bandwidth overhead. Finally, FCS field 70 is a frame check sequence. This 
field is used to perform cyclic redundancy check (CRC) on the incoming frame 
to check for errors, as is well known in the art. 

The SNAP format provides the advantage of small size packets, hence 
minimizing bandwidth overhead. Additionally, the SNAP format can be 
employed without the need for a network stack because the protocol does not 
require an IP address look-up function. One skilled in the art will recognize 
that other standard protocols or even non-standard proprietary protocols 
could be employed in lieu of the SNAP protocol packets. For instance, in 
some embodiments, it may be preferable to fomiat the control packets as 
TCP/IP packets. Such an alternative would be preferable in that IP packets 
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can be configured to temiinate upon reaching tiieir destination (in this case, 
the control logic 26 of OWLs 2 and 6). This would prevent the control packet 
from passing through the OWL and onto the connected network or network 
device 2, 8. Furthermore, an IP protocol pre-supposes that the OWL would 
have an IP address. While this requires a network stack for the OWL, it also 
implies that the OWL would hence be "accessible" to the network from a 
network management standpoint. 



(yA prefen-ed arrangement of the data field 68, i.e. the actual contr6l 
data, is provided in Figure 6a. The 38 byte field is logically dividejHnto a 
twelve byte MCU Header 70 that contains the physical addressed the two 
units (i.e. the sending unit and the receiving unit) and a 26 byte^ervo Header 
72 that contains the control signals. Figure 6b proyl^s further detail 
regarding the logical organization of data field 68/As shown, the field 
contains two six bit fields, 74, 76, defining the physl^l address of the sending 
unit and the receiving unit, respectively. These comprise the MCU Header. 
The Servo Header comprises thirteen two-b;^ fields, including control field 78 
and a two byte status field 80, which indicates the current mode of the OWL 
unit, such as seeking or tracking. THe Servo Header also includes a sample 
field 80 that identifies the partidular sample for which feedback is being 
provided and a "Last Sample^^en" 82 that identifies the last sample that was 
fed back. These fields c/n be used by the receiving unit to "recreate" its 
mirror position at the Me the other unit last received a good optical signal. 
The "Time Stamp" fi^d 84 also aids in this regard, and can be used by the 
receiving unit to yrecreate" its min-or position at some previous point in time 
relative to the/time stamp. The x and y coordinates of the light beam 
positioning for the sending unit is provided in the "My X" and "My Y" fields 88 
and 90, respectively, and the x and y coordinates for the receiving unit are 
also sefht in fields 92 and 94. This information ensures that the two devices 
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have a common "understanding" of their relative positions to eaj^b-^ther. 
Finally, four alignment parameters "Quad Position X/|JP«a6R)sition Y," 
"Quad Sum X," and "Quad Sum Y" are alsojrgDsrfntted in fields 96, 98, 100, 
and 102, respectively. These paxamgfereT which are used by the receiving 
unit to better align itsJieaffTposition are described in greater detail in co- 
pending, comjpeftlyassigned patent application [Tl- ], entitled "Method 

and App^fratus for Aligning Optical Wireless Links," which patent application is 
irtcorporated herein by reference. 

Figure 7a schematically illustrates a preferred embodiment 
photodetector, such as would be employed in the optical module 30 of OWLs 
4 and 6. The photodetector comprises a data detector 104 and four servo 
detectors, two along the x axis and two along the y axis and identified by 
reference numerals 106, 108, 100,and 112, respectively. Data detector 104 
is preferably a Si PIN detector and is connected to a pre-amplifier 114 where 
the received signal is amplified before being passed to signal amplifying and 
processing circuitry (not shown) as is well known to those skilled in the art. 
Servo detectors 106 - 112 are preferably low bandwidth light-to-voltage 
converters containing an integrated amplifier such as a TAOS 254. Each 
servo detector is coupled to an analog to digital converter where the intensity 
of the light impinging upon the associated servo detector is converted into a 
digital value proportionate to the light intensity. By comparing the digital 
values from ADCs 116, 118, 120, and 122 (corresponding to the light intensity 
at servo detectors 106, 108, 110, and 112, respectively), the alignment of the 
impinging light beam relative the centrally located data detector can be 
detennined. As an example, assuming the value being received from ADC 
120 is higher than the value being received from ADC 122, this would indicate 
that the light beam is misaligned and in impinging above the center of data 
detector 104. By feeding this information back to the transmitter, as 
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described above, the beam can be re-positioned to impinge lower upon data 
detector 104. Likewise, if the value being received from ADC 122 is higher 
than for ADC 120, this would indicate that the beam is too low and needs to 
be adjusted upwards. As discussed above, these parameters are fed back to 
the transmitting unit wherein the light beam is re-directed to more precisely 
align the beam. Further details on the steering of the light beam are provided 
in co-pending patent application 09/620,943. 

Figure 7b illustrates another preferred embodiment configuration for 
the photodetector, wherein the servo detectors are located on 45° axes 
relative the centrally located data detector 104. This configuration is 
preferable in that two detectors can be used for determining the alignment in 
the X axis and two detectors for determining alignment in the y axis. In other 
words, under the configuration illustrated in Figure 7b, the relative value of 
both servo detectors 108 and 110 compared to both 106 and 112 would be 
used for alignment in the x direction, and the relative value of servo detectors 
106 and 110 to servo detectors 108 and 112 would be compared for 
alignment In the y direction. 

At the receiving end, the alignment control feedback signal is received 
and converted into alignment commands to the optical module. These 
alignment commands are directed to a movable mirror that can be used to 
steer the light beam being transmitted. One embodiment of an optical module 
30 is provided in Figure 11. The module includes an Encoder/Decoder Unit 
320, coupled by a two-way Data Link 322 to an Optical Transceiver Unit 
(OUT) 324. The OTU 324 acts as an electrical to light and light to electrical 
converter. It contains a light source, such as a laser or light emitting diode, 
control electronics for the light source, a photo-detector for converting the 
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received light to electrical signals and amplifiers to boost the electrical 
strength to that compatible with the decoder. 

^(^y The OTU 324 can also be of conventional design. For example.ygf 
TTC-2C13 available from TrueLight Corporation of Taiwan, R.O.C., proyi^s 
an advantageous and low cost optical transceiver unit, requiring/<^ly a 
single +5V power supply, consuming low power, and providing high 
bandwidth. However, it should be noted that OTU units of donventional 
design can provide less than optimal performance, since/such units are 
typically designed for transmitting and receiving light fronr/fibers. This results 
in three problems that should be noted by the de^gner. First, light is 
contained in such units and is thus not subject^t^the same eye safety 
considerations as open air optical systems sucn as the present invention. 
Consequently, such units may have excessiv^ high power. Second, light is 
transmitted to a fiber and thus has optic^ requirements that are different 
from those where collimation is required; as in embodiments of the present 
invention. Third, light is received by^ such units from a narrow fiber, and 
therefore such units usually have/smaller detector areas than desired for 
embodiments of the present/invention. Accordingly, it is considered 
preferable to assemble a transceiver having a photodiode and optical 
design such that the maximdm amount of light is collected from a given field 
of view. This requires as4arge a photodiode as possible, with the upper limit 
being influenced by factors such as photodiode speed and cost. In any 
event source, a pr^erred light source is a vertical cavity surface emitting 
laser, sometimes^ referred to as a VCSEL laser diode. Such laser diodes 
have, advantageously, a substantially circular cross-section emission beam, 
a narrow emission cone and less dependence on temperature. 
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The Optical Transceiver Unit 324 is coupled by a two-way data link 
326 to Optics 328. The Optics 328 contains optical components for 
collimating or focusing the outgoing light beam 16 from the transceiver, a 
micro-mirror controlled by, e.g., electromagnetic coils, for directing the 
5 collimated light in the direction of a second OWL (not shown), with which 
OWL is in communication, and receiving optics to concentrate the light 
received from the second OWL on a transceiver photodetector included in 
the Optics 328. The receiving optics can include a control mirror, either flat 
or curved, to direct the light to the photodetector. Auxiliary photo detectors 
0 can be provided adjacent to the main photodetector for light detection in 
connection with a control subsystem (not shown), for controlling the control 
mirror, and maximize the light capture at the photodetector. The Optics 328 
may also contain a spectral filter 330 to filter ambient light from the incoming 
signal light 20. The Optics 328 is preferably, but need not be a micro-mirror. 
5 Any controllable beam steering device can be used that changes the 
direction of the light beam without changing the orientation of the light 
emitter. In addition, a basic function of the Optics 328 is that it sufficiently 
collimates the light beam that will (1) substantially fit within the micro-mirror 
reflecting area, and (2) preserve the minimum detectable power density over 
the distance of the link. Laser diodes generally meet these criteria, and as 
such are preferred. However, light emitting diodes (LEDs) and other light 
sources can be made to satisfy these criteria as well. 

J V 

^ {)f^( ^O"" optical wireless links across large distances where thehigbesf 
possible optical power density at the receiver is^neede^for robust 
transmission, the optical portion of th^prefefred embodiments should 
preferably be selected to achj^ve'i^ergence of less than 0.5 mrad, which 
is to be contrastedj^tlflhe prior art system that have divergences in the 
range of The divergence of less than 0.5 mrad results in an 
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optical density greater than 25 timesJ!ia_optfcat''aens^^ the prior art 
systems, which^.,fof^^ optical power density corresponds to 

^-errnore times longer range. 



The optical receiver portion of this embodiment should be selected to 
have an intermediate size, preferably having a diameter in the range of 0.5 
millimeter (mm) to 1 centimeter (cm). If the diameter is much smaller than 
0.5 mm, it may be difficult to collect enough of the light directed on the 
receiver. On the other hand, if the diameter is much larger than 1 cm, the 
responsiveness of the detector may diminish to the point where the 
performance of the system is compromised. 

It should also be understood that more than one Optical Transceiver 
Unit 324 may be provided in some embodiments, for example to provide 
multiple wavelengths to transmit information across a single link, in order to 
increase the bandwidth of a given OWL link. This involves generating light 
beams having multiple wavelengths and collecting and separating these 
separate light beams. Numerous apparatus and methods are known in the 
art to accomplish this. 

The Optics 328 are coupled by an optical path 332 to a Position 
Sensitive Detector ("PSD") 334. The PSD 334 measures the angular 
deflection of the micro-mirror in two planes. This can be accomplished by 
detecting the position of a spot of light on a sensor in the PSD 334. The 
analog signals representing these angular deflections are converted into 
signals and sent on lines 336 to a Digital Signal Processor ("DSP") 42 for 
closed loop control of the micro-mirror in Optics 328. PSDs are well known 
in the art, and PSD 334 may be any of a variety of types, including a single 
diode Si PSD, CMOS photo-detector array, and the like. All that is required 



TI-31440 



21 



of PSD 334 is that it sense, in two directions, the position of a spot of light 
impinging thereon, and provide as outputs digital signals representative of 
such position. However, note that the use of analog control signals is not 
required in the practice of the present invention. Other known control signal 
5 approaches can be used. For example, pulse-width modulation may be 
used to provide such control. Such choices of control system are well within 
the purview of those of ordinary skill in this art. A preferable approach to 
micro-mirror position detection is to employ sensors on the actual micro- 
mirror itself, as described in greater detail in co-pending and commonly 
10 assigned patent applications 60/233,851 ("Packaged Mirror with In Package 
Feedback") and 60/234,081 ("Optical Wireless Networking with Direct Beam 
Pointing"), which applications are incorporated herein by reference. 

In addition to receiving the signal lines 336 from the PSD 334, the 
DSP 42 sends coil control signals on lines 340 to a set of coil digital to 

15 analog converters ("D/As") 342. The D/As 342 are, in turn, connected by 
way of lines 344 to a corresponding set of coils in Optics 328. Finally, the 
DSP 42 is connected via line 352 to send and receive OAM data to/from 
Encoder/Decoder 320. The DSP 42 operates as a link control. It controls 
the micro-mirror deflections by controlling the coil currents through the D/As 

20 342. Information on the instantaneous micro-mirror deflections is received 
from the PSD 334 for optional closed loop control. The DSP 42 also 
exchanges information to the second OWL to orient the beam steering 
micro-mirror in the proper direction for the link to be established and 
maintained. The DSP may also exchange OAM information with the second 

25 OWL across the optical link maintained by Optical Module 328. DSP 42 
may be any suitable DSP, of which many are commercially available. 
Preferably, the DSP is the DSP provided for by control logic 26, as 
discussed above, although a second distinct DSP could optionally be used. 
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In addition, note that a single processor may control multiple OWL links. 
This capability can be very valuable for use in a network hub, where multiple 
links originate or terminate in a single physical network switch. A single DSP 
could provide a very cost efficient control facility In such cases. In all such 
5 cases, the requirements for this processor are a sufficiently high instruction 
processing rate in order to control the specified number of micro-mirrors, 
and a sufficient number of input/output ("I/O") ports to manage control 
subsystem devices and peripheral functions. 

In an alternative embodiment, the alignment information can be fed" 
10 back to the transmitting unit in other ways than as a separate controH$acket. 
For instance, In one embodiment, the alignment informatioi>e^nbe Imposed 
upon the optical beam itself using low frequency, snIaN signal modulation. 
Such an embodiment is illustrated in Figur^-^ This embodiment takes 
advantage of the fact that optical coipfrfunications generally use encoding 
15 schemes (such as 4B/5B encodlngfthat do not generate frequencies below a 
certain range. The low^r^uency bandwidth is therefore available for 
transferring low ban^wi^h data without interfering with the link data. The 
amplitude of th^/<5ontrol data modulation needs to be a small fraction of the 
overall signalamplitude, or else the main data path signal to noise ration will 
20 decrea^ significantly, the control data could be encoded / decoded directly 
Ihe DSP 42. 




The optical signal with both the high frequency data signal and low 
frequency control signal can be generated using a laser driver and photodlode 
202 such as the AD9660, available from Analog Devices, Norwood, 
25 Massachusetts, where the write pulse modulates the high speed data and the 
bias and write levels modulate the low frequency small signal control data. 
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At the receiver, the control data can be separated from the main link 
data several ways. If only one photodiode is used, the control data can be 
extracted with a low pass filter (or low frequency band pass filter to avoid very 
low frequencies) and a high pass electrical filter can be used to separate the 
main link data. Alternatively, as shown in Figure 8, a separate photodiode (or 
multiple photodiodes) could be used such that the optical beam illuminates 
both the main link high speed phtotodiode 204 connected to a high pass filter 
205 and the low bandwidth control data monitoring photodiode 206. The 
control data monitoring photodiode 206 can be much more sensitive because 
the control data requires a much lower bandwidth. 

In another alternative embodiment, the control packets and the data 
packets can be interleaved into a new higher rate data stream, as illustrated in 
Figure 9. As shown, data packets 48 and control packets 45 can be 
combined into a unique packet form 47 for transmission across the optical 
link. Because each packet 47 contains control (i.e. feedback) information, this 
approach would have a lower latency than the first preferred embodiment, 
wherein control information is inserted where it can be fit into the data stream. 
On the receiving side, the packet 47 is resolved into its constituent data 
packet and control packet components for processing as described above. 
This approach requires a non-standard protocol and hence would be protocol 
dependent, if implemented. 

Yet another approach is to "disguise" the control packet as a normal 
data packet of the data stream. One example would be in a system wherein 
the OWL devices are transmitting using a Voice over Packet (VOP) protocol, 
although the concept would apply to other protocols as well. Such an 
embodiment is illustrated in Figure 10, wherein a first network device 210 
communicates with a network over a optical wireless link employing two 
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OWLs 4 and 6. In the illustrated embodiment, telephone communications 
also take place over the link, originating with telephone device 214. VOP 
processing circuitry 226 receives both data and telephone signals and 
transmits them as data to OWL 4 in addition to transmitting control 
information. The data is transmitted as VOP packets. In this embodiment, 
the control information is also formatted in a similar manner to appear as a 
VOP packet and inserted into the data stream. On the receiving end, data 
and control is passed to VOP processing circuitry 228 where the control VOP 
packets are extracted from the packet stream (based upon the destination 
address) for alignment of the beam of OWL 6, and the data streams is then 
passed to network 212. 

As will be apparent from the above description, the preferred 
embodiments provide several advantageous features including the ability of 
feed back beam alignment information to the transmitting unit without the 
need for a secondary channel such as an RF or physical channel. The 
preferred embodiments also provide the advantage of a very low latency 
feed back system, as the optical wireless channel provides for rapid 
transmission and high bandwidth. 

While this invention has been described with reference to illustrative 
embodiments, this description is not intended to be construed in a limiting 
sense. Various modifications and combinations of the illustrative 
embodiments, as well as other embodiments of the invention, will be apparent 
to persons skilled in the art upon reference to the description. It is therefore 
intended that the appended claims encompass any such modifications or 
embodiments. 
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